We have investigated the laser interference crystallization ͑LIC͒ of amorphous germanium films on ͑100͒-oriented GaAs substrates using nanosecond laser pulses. We demonstrate that LIC can produce periodic arrays of epitaxially crystallized Ge lines on GaAs with submicrometer widths. The gratings display a surface undulation with faceted surfaces, which depends on laser fluency. The undulation is attributed to the lateral solidification process induced by the temperature gradients created during the LIC process.
I. INTRODUCTION
Pulsed laser crystallization of amorphous films has been extensively used for the fabrication of large area polycrystalline films of electronic quality on low-cost substrates. 1 When used in an interference configuration ͓laser interference crystallization ͑LIC 2 ͔͒, laser crystallization becomes a structuring technique capable of producing microstructures of crystalline materials with submicrometer dimensions. In LIC, two or three coherent and pulsed laser beams are brought to interfere on the surface of an amorphous film. The strong light intensity around the maxima of the interference pattern leads to the selective heating and crystallization of the amorphous material around these regions. LIC allows for the fabrication of periodic structures in a ns time scale without the need for lithography. It has been employed to fabricate arrays of lines or of dots of polycrystalline silicon [2] [3] [4] and polycrystalline germanium 5 on glass substrates as well as for the structuring of crystalline GaAs/͑Al,Ga͒As multilayers. 6 The lateral temperature gradient induced by the selective illumination has also been applied to induce a lateral solidification of amorphous silicon films, which permits the control of grain size and orientation of the crystallized material. 3, 4, 7, 8 In a previous work, 9 we have demonstrated that amorphous ͑a-͒ Ge films deposited on crystalline GaAs substrates can be epitaxially crystallized when irradiated by short laser pulses. The Ge/GaAs system is ideal for laser crystallization studies since the two materials are almost perfectly matched with respect to lattice constants and thermal expansion coefficients. In addition, they are thermodynamically immiscible, 10 so that the formation of a (GaAs) 1Ϫx Ge 2x interface alloy should be inhibited under equilibrium conditions. We found, however, that the fast cooling rates after laser irradiation may lead to the formation of a nonequilibrium (GaAs) 1Ϫx Ge 2x alloy at the interface between the Ge and the GaAs film. 9 In this work we investigate the LIC of a-Ge films grown on ͑100͒-oriented crystalline GaAs substrates. We demonstrate that submicrometer lines of epitaxial Ge on GaAs can be produced by the LIC technique by using single pulses from a frequency-doubled Nd-YAG laser. The crystallization process was investigated by combining atomic force microscopy ͑AFM͒, transmission electron microscopy ͑TEM͒, and scanning electron microscopy ͑SEM͒. An interesting feature of the LIC Ge lines is that they exhibit a triangular cross section with well-defined faceted surfaces. The surface undulation indicates that a considerable amount of material is transported in the direction parallel to the surface during the laser treatment. The faceted undulation is attributed to the lateral epitaxial solidification process induced by the temperature gradient created by the laser interference pattern. Possible applications of the laser crystallized lines include lateral Ge/GaAs heterojuctions for light detection in the 1.3-1.5 m wavelength region.
This work is organized as follows. In Sec. II we describe the procedures involved in the preparation and in the characterization of the samples. The experimental results on LIC are presented in Sec. III and discussed in Sec. IV, where a model for the crystallization process is presented.
II. EXPERIMENTAL DETAILS
The samples used in the present studies consist of 100-nm-thick a-Ge films deposited on ͑100͒-oriented GaAs by ion-beam-assisted sputtering. The system used for the deposition and the deposition procedure are described in detail in Refs. 9 and 11. The crystallization experiments were performed using single pulses ͑pulse width of ϳ7 ns͒ from a frequency-doubled Nd:YAG laser ( L ϭ532 nm). 9 The laser beam profile was homogenized using a vacuum spatial filter, leading to a Gaussian-like intensity profile with a diameter The integrated intensity of the laser pulses was adjusted using an attenuator consisting of a half wave plate and a polarizer and measured by deviating a portion of the laser beam to a detector. From the integrated intensity and from the diameter of the laser spot we determined the average fluency E p over the sample surface. The laser exposures were carried out in air and at room temperature.
The LIC experiments were performed by splitting the spatially filtered laser beam into two beams of equal intensity, which impinged on the sample under an angle of incidence . 2 The difference in optical path length of the two beams was kept below the coherence length of the laser of ϳ1 cm. The grating period d is related to the laser wavelength and to the angle by dϭ L /(2 sin ).
2 Most of the experiments were performed with ϭ10°so as to yield a lateral period dϭ1.5 m. The structural properties of the crystallized samples were investigated using SEM, AFM, and cross-sectional TEM. Figure 1 displays SEM micrographs of gratings formed on a-Ge films on GaAs by the LIC process using an integrated laser fluency E P ϭ70 mJ/cm 2 . This fluency is sufficiently high to completely melt and crystallize the a-Ge film at the center of the laser spot. The micrographs in Figs. 1͑a͒-1͑d͒ were recorded at different radial distances from the center of the laser spot, corresponding to regions of progressively larger local laser fluencies. The light interference pattern was oriented close to a ͗011͘ surface direction. The micrographs were recorded after cleaving the samples to expose a ͕011͖ cleavage plane, in order to allow for the observation of the cross section of the crystallized lines.
III. RESULTS
For low laser fluencies ͓Fig. 1͑a͔͒, only a small region of the a-Ge around the maxima of the light interference fringes melts and subsequently crystallizes in the form of lines with a round cross section. The width of the crystallized lines increases with laser fluency. Simultaneously, their crosssections develop a triangular shape due to the formation of faceted surfaces ͓Figs. 1͑b͒ and 1͑c͔͒. As the fluency is further increased, the cross section changes from triangular to trapezoidal-like ͓Fig. 1͑d͔͒.
Details of the surface morphology of gratings crystallized using moderate ͓corresponding to Fig. 1͑c͔͒ and high laser fluencies ͓Fig. 1͑d͔͒ are illustrated in the AFM micrographs in the left panels of Figs. 2͑a͒ and 2͑b͒, respectively. The corresponding profiles of the surface relief measured along a direction perpendicular to the lines are displayed in right panels. The surface profiles in Fig. 2͑a͒ are almost perfectly triangular. If we neglect the small misalignment of the lines with respect to the ͗011͘ direction, the faceted sides of the lines correspond approximately to a ͓n11͔ surface with nϭ3. The height of ϳ70 nm of the triangular lines in Fig.  2͑a͒ is almost as large as the original thickness of the a-Ge film of 100 nm. For higher fluencies, the amplitude of the surface undulation reduces considerably. The cross section of the lines becomes trapezoidal-like. The oblique sides of the trapezoids may also be faceted: those in Fig. 2͑b͒ ͑right panel͒ correspond to a faceted surface with n in the range from 3 to 6. In addition, the central region of the lines are depressed with respect to the surroundings.
A cross-sectional SEM micrograph of the LIC gratings produced using a moderate fluency is illustrated in Fig. 3 . The fluency in this case was high enough to melt the Ge film over the whole surface area, and also the GaAs substrate, at the positions close to the interference maxima ͑the melting temperature of GaAs, of 1513 K, is 300 K higher than that of crystalline Ge; 12 the crystallization temperature of a-Ge films depends on the deposition conditions and normally lies between 783 and 863 K͒. 13, 14 The interdiffusion of film and substrate materials leads to the formation of a nonequilibrium (GaAs) 1Ϫx Ge 2x alloy at the film-substrate interface after solidification. 9 As a result, the interface becomes less well-defined close the positions of the interference maxima ͑indicated by the arrow d 1 ͒. The micrograph was recorded using an in-lens detector in order to enhance the compositional contrast between the Ge overlayer and the substrate. The SEM contrast seems to be associated not only with the normal difference in contrast between Ge and GaAs, but also with modification of the GaAs work function by Ge interdiffusion and doping. 15 The thickness of the surface film in Fig.   FIG. 1 . Scanning electron micrographs of LIC Ge lines on GaAs produced using ͑a͒ low, ͑b͒ and ͑c͒ moderate, and ͑d͒ high laser fluencies. The micrographs were recorded at different positions on the spot with a diameter of ϳ4 mm created on the sample surface by LIC using an average laser fluency of 70 mJ/cm The microscopic structure of the LIC gratings was further investigated using TEM. Figures 4͑a͒ and 4͑b͒ compare cross-sectional TEM micrographs of gratings produced using low and moderate laser fluencies, respectively. For the TEM analysis, the two gratings were glued to each other using an epoxy ͑white region͒. In both figures the Ge film melted completely only around the interference maxima ͑region I͒, where it subsequently crystallized as a single crystal epitaxial layer. The width of the epitaxial lines increases with laser fluency. Note that only the grating in Fig. 4͑b͒ displays a faceted surface with triangular morphology, thus indicating that faceting requires a laser fluency higher than that necessary for epitaxial crystallization.
Around the interference minima ͑region II in Fig. 4͒ , the Ge layer either remains amorphous or crystallizes with a high density of planar defects. Structural details of the transition region between the epitaxial ͑region I͒ and the defectrich Ge areas ͑region II͒ are illustrated in Fig. 5 . The dark line along the Ge/GaAs interface is attributed to the presence of residual impurities ͑in the submonolayer range͒ on the surface of the GaAs wafers prior to the Ge deposition, which remain trapped at the interface after the crystallization process. The low impurity concentration does not disturb the perfect atomic alignment across the interface after laser crystallization. 9, 16 In fact, no structural defects like dislocations or stacking faults were detected in region I, as expected for perfect epitaxial growth on a lattice matched substrate. The transition between regions I and II is characterized by extended defects consisting mainly of twins and stacking faults oriented along the ͗111͘ direction. It is interesting to note that the strain contrast associated with these structural defects is confined to region II and does not extend to region I or to the substrate.
Faceted surfaces were not observed on regions of the GaAs substrates not covered by the a-Ge film, when they are irradiated with the same laser interference pattern. This result indicates that faceting requires the presence of the a-Ge film. In order to investigate the influence of the period of the light interference pattern on the morphology of the LIC lines, gratings were also prepared using a smaller period d ϭ0.5 m. The surface of the short period gratings are only weakly undulated with an undulation amplitude ͑ϳ15 nm͒ much smaller than the thickness of the original a-Ge film. No well-defined faceting was observed in this case.
IV. DISCUSSION AND CONCLUSIONS
The results of the previous section demonstrate that LIC can be applied for the fabrication of submicron lines of Ge on GaAs. The structure and morphology of the LIC lines depend strongly on laser fluency. For low fluencies, only the surface portion of the a-Ge material close to the interference maxima melts. The melt then crystallizes in the polycrystalline phase yielding a convex surface profile ͓cf. in Fig. 4͑a͒ . When the fluency is further increased, lines fabricated using an interference period of 1.5 m develop a triangular cross section with faceted surfaces, as illustrated in Figs. 2͑a͒ and 4͑b͒. Higher fluencies lead to a reduction in amplitude of the surface undulation ͓cf. Fig. 1͑d͔͒ . We note that faceting has not been observed in a-Ge films crystallized with a single laser beam, 9 thus indicating that the lateral temperature gradient produced by the interference pattern plays a fundamental role in the facet formation.
A further interesting feature of the LIC process is the considerable amount of mass transport along the surface, which must occur while the material is in the liquid phase. The mass transport takes place in the direction of the temperature gradient created by the laser interference pattern, i.e., from regions of low temperature to regions of high temperature.
In the laser crystallization process discussed here, the epitaxial film grows from the liquid phase created by laser absorption. The LIC process differs from the conventional liquid phase epitaxy ͑LPE͒ due to the selective melting of the amorphous film and to the short melting and cooling times, which favor nonequilibrium processes. In the conventional LPE of Ge, ͑111͒-faceted regions tend to appear on films grown on ͑100͒ and on ͑110͒ surfaces, while growth on ͑111͒ surfaces leads to smooth surfaces. 17 The formation of ͑111͒ faceted Ge crystals in the former case has been attributed to the higher surface energy of the ͑100͒ and ͑110͒ surfaces ͑of 1.57 and 1.42 J/m 2 , respectively͒, relative to the ͑111͒ surface ͑1.12 J/m 2 ͒. 18 Based on these results, we expect the surface energy of (n11) surfaces to decrease when n decreases from ϱ ͓corresponding to the ͑100͒ surface͔ to 1 ͓͑111͒ surface͔ and then to increase again when n goes to 0 ͓͑110͒ surface͔. In addition to these thermodynamic considerations, nonequilibrium phenomena associated with the short cooling times are also expected to play a fundamental role on the determination of the surface morphology. In fact, while slow growth rates favor the formation of faceted surfaces, rapidly growing surfaces from strongly undercooled liquids tend to be smooth. 19 The previous considerations lead us to the following model for the formation of LIC lines with faceted surfaces. In the low fluency regime, the cooling times are short since only a small region of the Ge film melts and heat is quickly extracted through the interface with the substrate. The short cooling times prevent lateral material transport and also the formation of faceted crystals, so that the material crystallizes as a smooth film, as indicated in Fig. 4͑a͒ . The width of the molten region, as well as the cooling times, increases with laser fluency. In this case, the temperature gradient along the surface may then induce the lateral solidification process illustrated schematically in Fig. 6 for moderate ͑left panel͒ and for high ͑right panel͒ laser fluencies. The longer cooling times allow for lateral mass transport in the melt and favors the formation of faceted surfaces during solidification. The lateral mass transport is probably driven by the surface tension of the liquid, which tends to concentrate material close to the laser interference maxima, as illustrated in Figs. 6͑b͒ and 6͑e͒. In fact, surface tension has been shown to be an effective way of modeling the shape of microscopic silicon lines molten by pulsed laser irradiation. 20, 21 The convex cross section of the liquid may also play a role in the determination of the final morphology of the surfaces after solidification.
The temperature gradient along the surface in Figs. 6͑b͒ and 6͑e͒ is such that the solidification starts from the border of the molten region and proceeds towards its center. The two crystallization fronts indicated in the figures leave behind well-defined faceted surfaces with a low surface energy. Since the melt is expected to wet the solidification fronts, the thickness of the solidified film increases as the front propagates. If the lateral fronts meet at the center of the lines before the molten material is consumed, the Ge lines will assume the triangular shape illustrated in Fig. 6͑c͒ . Since the width of the molten region increases with laser fluency, the liquid material may be consumed before the crystallization fronts meet at the center of the lines. In this case, lines with a trapezoidal-like cross section and with a depression in the center are obtained, as shown in Fig. 6͑f͒ . According to the model described above, the lateral solidification process that leads to surface faceting requires a strong temperature gradient on the sample surface after the laser irradiation. The temperature distribution depends on the ratio between the laser pulse width and the characteristic time for lateral heat conduction along the surface. Large temperature gradients are unlikely to occur in short-period grating since the lateral heat conduction increases with decreasing grating period. Furthermore, large temperature gradients are not expected for very high fluencies, since these will be quickly smoothened by the thick and highly thermal conductive liquid film formed on the sample surface. Faceting is thus expected to become less pronounced for high laser fluencies, in agreement with the results in Fig. 1͑d͒ .
In conclusion, we have investigated the LIC of a-Ge films on ͑100͒ GaAs substrate. We demonstrate that the selective heating induced by the LIC process can be used to fabricate lines of epitaxial Ge films on GaAs. The lines have a faceted surface morphology, which depends on laser fluency. The latter is attributed to the lateral solidification in- FIG. 6 . Schematic sequence of events during the LIC process for moderate ͑left panel͒ and high laser fluencies ͑right panel͒ showing the selective laser melting ͓͑a͒ and ͑d͔͒, the lateral growth ͓͑b͒-͑e͔͒, and the final structure of the samples ͓͑c͒-͑f͔͒.
duced by the temperature gradient produced by the light interference pattern.
